Sixty-one social surveys on annoyance caused by road traffic noise conducted world-wide over a period of forty-five years have been re-analyzed by various means for possible temporal trends. Eighteen of these surveys were conducted after 2000. People's reactions to road traffic noise seem to have been stable across the study period. No indications were found that would warrant revision of the current EU reference curve for predicting the annoyance from road traffic noise.
Introduction
Some researchers assert that people today are more annoyed by road traffic noise than they were, say, 20-40 years ago [1, 2] inter alia. Various subsets of recent and earlier annoyance surveys and various data analysis techniques have been used to justify such an assertion.
The annoyance caused by transportation noise is generally viewed as proportional to its long-term, cumulative noise level, but the prevalence of a consequential degree of traffic noise-induced annoyance varies considerably from one survey site to another.
Annoyance is expressed either on a linear scale extending from no annoyance at all to the most extreme annoyance, or, as is common practice for regulatory purposes, on a scale that shows the percentage of the exposed population that consider itself "highly annoyed", HA. Highly annoyed refers to the upper 28% of the annoyance scale. The results from a survey on noise annoyance are presented as the percentage of highly annoyed people at a given noise exposure level. This treatment of noise exposure and annoyance values can be traced back to Schultz [3] and FICON-US Federal Interagency Committee on Noise [4] which declared that "Annoyance is its preferred summary measure of the general adverse reaction of people to noise, and that the percentage of the area population characterized as "highly annoyed" by long-term exposure to noise is its preferred measure of annoyance". For a typical noise exposure level, L dn = 60 dB, the prevalence of highly annoyed residents can vary from 0% to 60% or more. Conversely a prevalence rate of 10% highly annoyed has been associated in various studies with noise levels ranging from about L dn = 45 dB to L dn = 75 dB. The analysis of temporal trends in the annoyance response is therefore highly dependent on the sub-set of survey data analyzed. This paper analyzes a large set of reported surveys on annoyance from road traffic noise and compares results of various analysis techniques that have been reported in the scientific literature.
Materials and Methods

Database
A database was compiled from surveys conducted during the period 1969-2014. References to older surveys were mainly found in [5] . Information on more recent surveys (after 2008) were collected via direct search of journal articles and conference proceedings. Only survey reports that provide 2 of 14 information about noise exposure levels and corresponding prevalence of highly annoyed residents were considered.
Survey findings selected for the current analyses met the following criteria:
• Survey design similar to recommendations by International Commission on Biological Effects of Noise-ICBEN [6, 7] or International Standards Organization-ISO [8] .
•
Noise measurements that could be converted to DNL or DENL. • Definition of "highly annoyed" in compliance with a 70-75% cut-off of the annoyance scale. • Findings reported as pairs of noise exposure and prevalence of annoyance.
No distinction was made between the two-common metrics for cumulative transportation noise exposure, DNL and DENL, as Brink et al. [9] have found that the difference between them is less than 0.5 dB for road traffic noise. Table 1 shows the 61 surveys that were included in the current analysis, 18 of which were conducted in the last two decades. The table lists the different studies by year of conduct. The "code" column refers to survey codes in [5] . This catalogue assigns a unique ID to most noise surveys conducted before 2008 for easy identification. The "EU" column indicates which surveys were included in the Miedema and Vos [52] analysis for the exposure-response curve currently in use by the EU. In addition to total numbers of respondents, the table also lists calculated community tolerance level-CTL value, and r 2 for fitting the CTL function and a second order polynomial regression function to the original data set.
The total data set comprises about 600 paired observations of noise exposure and prevalence of high annoyance, based on the opinions of about 95,000 social survey respondents. More detailed information about the individual surveys can be found in the given references (see special list at the end).
Analysis Methods
Statistical Regression
The results of a survey on noise annoyance are typically presented as exposure-response relationships, also commonly referred to as dose-response or dosage-response functions. The results are plotted with the independent variable, noise exposure, measured as DNL, DENL, or a similar quantity, on the horizontal axis, and the prevalence of annoyance on the vertical axis.
Researchers who rely solely on regression analysis to support their conclusions typically enter all the field observations data into a standard statistical analysis software (e.g., SPSS-Statistical Package for the Social Sciences), and accept the output as a definite dosage-response without attempting to provide a logical explanation of the results and without regards for the implications of their analyses.
The results of analysis of individual noise annoyance surveys may be presented in various ways. This is especially true with respect to the exposure information. Responses may be grouped in noise exposure bins, typically 5 dB wide, or a cluster of respondents may be characterized by the noise level at a centrally located observation point. The number of paired data points may therefore vary substantially from one survey to another.
Some researchers prefer to analyze each survey individually. A regression function is fitted to the survey data, and this function is used to calculate the response at specific exposure levels. A second order polynomial regression function is then calculated to approximate the combined results of different surveys.
A second order polynomial function typically has a minimum (or maximum) value within the relevant exposure range. This contradicts the assumption that the annoyance response increases monotonically with increasing noise exposure levels. Some researchers prefer other functions, (typically, exponential or logistic), or adjust the low end of the calculated exposure-response curve to support a logical explanation of the results. When developing the reference curve used by the EU, for example, Miedema and Vos [52] forced the regression curve through zero at an exposure level L ct = 42 dB, in agreement with their observations. A logistic function assumes that the annoyance response asymptotically approaches the end points 0% and 100% highly annoyed.
Community Tolerance Level (CTL) Analysis
This analysis method was introduced by Fidell et al. [53] and Schomer et al. [54] and is described in the international standard ISO 1996-1 [55] . The shape of the exposure-response function is fixed in CTL analysis, rather than derived from a curve fitting analysis. Its shape is based on the observation that the rate of change of annoyance with DNL closely resembles the rate of change of loudness with sound level. The CTL approach accounts for half again as much variance in the relationship between noise exposure and annoyance prevalence rates in communities as conventional analyses [53] .
A CTL value, L ct , for a survey is a predicted value of a noise level, DNL or DENL, at which half of the survey respondents report high annoyance with the noise exposure. Large values of CTL indicate a high tolerance for noise exposure in a community, while small values of CTL indicate a low tolerance for noise exposure. Differences among survey findings may be characterized in decibel-denominated units via simple comparisons of CTL values across communities. The CTL method is therefore well suited to temporal trend analyses. Changes in the CTL value show directly how the prevalence of annoyance varies over time.
The CTL value, L ct , is a single number that characterize a complete exposure-response curve:
A CTL value is not in itself a noise metric; it is simply a DNL value at which (by convention) half of a community is highly annoyed by noise exposure (and the other half is not.) Some researchers question whether a common function of the sort assumed by CTL analysis, can be found at all [56] . The "goodness of fit", i.e., how well a function fits a set of data points, is characterized by the coefficient of determination, r 2 . The two right columns in Table 1 show r 2 values for the CTL function and a second order polynomial regression curve respectively. There are no meaningful differences between the two values, indicating that from a statistician's point of view they both fit "equally well" (Student-t: average difference r 2 (CTL) − r 2 (poly) = −0.0364 (SD = 0.1778) yielding t(57) = 1.5446 and p = 0.128).
In conventional regression analysis, the shape of the dose-response relationship is an artifact of the analysis technique. Logistic regression, for example, yields a dose-response relationship defined by two free parameters (slope and intercept) that are determined by a best fit criterion to a set of data points. CTL analysis yields a dose-response relationship with an assumed pre-defined shape. CTL analysis is therefore more parsimonious than regression analysis, since the single free parameter of CTL analysis is the position of the assumed relationship on the exposure axis.
Analyses and Discussion
Current EU Reference Curve
The exposure-response function (ERF) that serves as a standard reference in the EU was derived from the results of 26 surveys on road traffic noise [52] . All of these surveys are among those included in Table 1 (marked with M in the EU column). Figure 1 shows average exposure-response curves for these 26 surveys calculated by standard regression analysis and the CTL method. The figure also shows the exposure-response curve developed by Miedema and Vos [52] currently used by the EU as a standard reference (solid line).
The regular second order polynomial regression function (dashed line) exhibits a typical minimum (at L dn = 45.7 dB in Figure 1 ) and overestimates the annoyance at low exposure levels compared with the reference curve. However, at the high end (at L dn > 60 dB) this ERF indicates a lower prevalence of annoyance. In their analysis, Miedema and Vos, explain the adjustments they made at the low end of their ERF. The ERF that is based on CTL analysis underestimates the annoyance for exposure levels around 50-70 dB DNL relative to the EU reference curve. Both the regression curve and the CTL-based curve fall mainly within the 95% confidence interval for the Miedema and Vos curve for values of L dn < 75 dB. The 95% confidence interval is about ± 2.5% HA wide at L dn = 50 dB and about ± 5% wide at L dn = 75 dB [57] . However, the CTL-based curve represents a better fit to the reference curve since its deviation (squared error) is about one-third of that for the regression curve (for the interval indicated above).
annoyance for exposure levels around 50-70 dB DNL relative to the EU reference curve. Both the regression curve and the CTL-based curve fall mainly within the 95% confidence interval for the Miedema and Vos curve for values of Ldn < 75 dB. The 95% confidence interval is about ± 2.5% HA wide at Ldn = 50 dB and about ± 5% wide at Ldn = 75 dB [57] . However, the CTL-based curve represents a better fit to the reference curve since its deviation (squared error) is about one-third of that for the regression curve (for the interval indicated above). Table 1 calculated by both standard regression analysis and by the CTL method analysis. The figure also shows the exposure-response curve developed by Miedema and Vos [52] (solid line). There are no meaningful differences between the ERFs based on the full dataset, 61 surveys, compared with the 26 surveys used for the reference curve (see Figure 1 ). Figure 2 shows average exposure-response curves for the 61 surveys in Table 1 calculated by both standard regression analysis and by the CTL method analysis. The figure also shows the exposure-response curve developed by Miedema and Vos [52] (solid line). There are no meaningful differences between the ERFs based on the full dataset, 61 surveys, compared with the 26 surveys used for the reference curve (see Figure 1 ). Table 1 ). Solid line (black) is the ERF developed by Miedema and Vos. Standard second order polynomial regression yields the dash-dot ERF (yellow) while CTL analysis yields the dashed ERF (red).
Results from 61 Surveys 1969-2014
Results from Recent Surveys
Some researchers claim that people today are more annoyed by environmental noise than they were, say 25-50 years ago [2, 58] . Naturally, as environmental noise levels increase and the population that is exposed to high levels of environmental noise increases, the total number of highly annoyed Table 1 ). Solid line (black) is the ERF developed by Miedema and Vos. Standard second order polynomial regression yields the dash-dot ERF (yellow) while CTL analysis yields the dashed ERF (red).
Some researchers claim that people today are more annoyed by environmental noise than they were, say 25-50 years ago [2, 58] . Naturally, as environmental noise levels increase and the population that is exposed to high levels of environmental noise increases, the total number of highly annoyed residents also increases. However, under equivalent exposure conditions, are people more annoyed today than they were in prior years? Is there a need to update the exposure-response functions as WHO has recommended? [59] . Table 1 contains 18 surveys conducted after 2000. The results of these surveys were analyzed separately in the same manner as the previous two datasets. The results are shown in Figure 3 . Using actual observation data when calculating an average regression function may introduce a bias if the number of data points varies among the different studies. In their analysis for WHO, Guski et al. [2] calculated a regression function for each survey individually, and then used these functions to calculate the response at fixed exposure levels. The results from a similar analysis of the 18 post-2000 surveys are shown in Figure 4 . The two curves in this figure, the second order regression function and the CTL function display the same goodness of fit to the calculated data points, r 2 = 0.53.
Annoyance Across a 45-Year Time Span
A CTL value is a single number characterization of the results of a noise annoyance survey. This quantity is therefore well suited for studying temporal trends in the annoyance response. As can be seen from Table 1 , CTL values for the 61 surveys in the current data set vary considerably over more than two orders of magnitude, from about 69 dB to 92 dB. The average value is L ct 78.4 dB. The range for the corresponding exposure-response curves is shown in Figure 5 . The ERF for any one of the 61 surveys lies somewhere between the two solid lines. The average ERF is shown by the dashed red line.
Using actual observation data when calculating an average regression function may introduce a bias if the number of data points varies among the different studies. In their analysis for WHO, Guski et al. [2] calculated a regression function for each survey individually, and then used these functions to calculate the response at fixed exposure levels. The results from a similar analysis of the 18 post-2000 surveys are shown in Figure 4 . The two curves in this figure, the second order regression function and the CTL function display the same goodness of fit to the calculated data points, r 2 = 0.53. 
A CTL value is a single number characterization of the results of a noise annoyance survey. This quantity is therefore well suited for studying temporal trends in the annoyance response. As can be seen from Table 1 , CTL values for the 61 surveys in the current data set vary considerably over more than two orders of magnitude, from about 69 dB to 92 dB. The average value is Lct 78.4 dB. The range for the corresponding exposure-response curves is shown in Figure 5 . The ERF for any one of the 61 surveys lies somewhere between the two solid lines. The average ERF is shown by the dashed red line. In Figure 6 the CTL value for each survey has been plotted as a function of study year together with two regression lines, a linear and a second order polynomial.
An alternative way to analyze a possible temporal trend is to calculate the exposure level that corresponds to a particular annoyance prevalence rate, for instance 10% highly annoyed. This limit, 10% HA, is suggested by the World Health Organization to prevent adverse health effects [59] . A second order polynomial regression function is fitted to the observation data for each individual survey, and then this function is used to calculate the noise exposure level at which 10% of the exposed population consider itself highly annoyed. The results are shown in Figure 7 . The noise levels corresponding to 10% HA has been plotted as a function of study year. In Figure 6 the CTL value for each survey has been plotted as a function of study year together with two regression lines, a linear and a second order polynomial.
An alternative way to analyze a possible temporal trend is to calculate the exposure level that corresponds to a particular annoyance prevalence rate, for instance 10% highly annoyed. This limit, 10% HA, is suggested by the World Health Organization to prevent adverse health effects [59] . A second order polynomial regression function is fitted to the observation data for each individual survey, and then this function is used to calculate the noise exposure level at which 10% of the exposed population consider itself highly annoyed. The results are shown in Figure 7 . The noise levels corresponding to 10% HA has been plotted as a function of study year. 
Conclusions
It has long been known that the noise level per se only accounts for about one-third of the variance in the annoyance response, and that the rest is controlled in a large part by non-acoustic factors [56] . Comparison of the results from different surveys is therefore highly dependent on the type and possible dominance of non-acoustic factors. Nevertheless, ever since Schultz published his original paper on Synthesis of Social Surveys [3] , researchers have tried to derive average exposureresponse functions. Such functions seem necessary to some for regulatory purposes.
Several attempts have been made to compare prevalence of annoyance rates across continents and different cultures. No dramatic differences have been reported [60] . The database used in the present study is comprised of 61 surveys, 41 of which have been conducted in Europe. The European sub-set has been analyzed separately for comparison.
Community noise regulations in many EU countries typically define the level at which ten percent of the population is highly annoyed, as the limit for acceptable exposure. According to the 
It has long been known that the noise level per se only accounts for about one-third of the variance in the annoyance response, and that the rest is controlled in a large part by non-acoustic factors [56] . Comparison of the results from different surveys is therefore highly dependent on the type and possible dominance of non-acoustic factors. Nevertheless, ever since Schultz published his original paper on Synthesis of Social Surveys [3] , researchers have tried to derive average exposure-response functions. Such functions seem necessary to some for regulatory purposes.
Community noise regulations in many EU countries typically define the level at which ten percent of the population is highly annoyed, as the limit for acceptable exposure. According to the ERF developed by Miedema and Vos [52] , 10% HA corresponds to L dn = 58.4 dB, while at L dn = 65 dB the prevalence of highly annoyed is 19.4 percent. Table 2 compares of the results of the analyses above. The ERFs that are based on CTL analysis predicts 10% HA at noise exposure levels about 3 dB greater than the levels predicted by conventional polynomial regression. This is within the predicted confidence interval for the Miedema and Vos curve [57] . The main reason for this difference is that the CTL method assumes an ERF that asymptotically approaches the endpoints of the annoyance scale.
A conventional regression analysis of the 26-survey dataset used by Miedema and Vos yields a slightly different result from that of the original EU reference curve. This is because Miedema and Vos made adjustments to the low end of the ERF curve to force their curve to zero at L dn = 42 dB.
The results based on the complete 61-survey data set are very similar to what can be found from the 26-survey data set used by Miedema and Vos. No meaningful difference can be found if the selection of surveys is limited to Europe.
The average results for the 18 post-2000 surveys are not significantly different from previous surveys. The values in Table 2 have been calculated from both the complete data set (see Figure 3 ) and from regression curves calculated from individual regression functions (see Figure 4 ). The results actually indicate a small but meaningless decrease in the annoyance response. We therefore conclude that annoyance with traffic noise exposure has been stable within error of measurement and analysis over the past 45 years.
Researchers who rely on statistical methods without any concern for the implications of their findings often fit a regression function to their data to predict possible trends. The second order polynomial function in Figure 6 seems to indicate that the average CTL value has been decreasing from 1970 to about 1990, i.e., people were increasingly annoyed by road traffic noise during this period. However, from 1990 onward, the CTL value increases, indicating that people's annoyance reaction decreased during the latter period. A similar trend is indicated by Figure 7 . The exposure level for 10% highly annoyed decreased from 1970 to about 1990, before again increasing. This seems to indicate that people are becoming more tolerant to noise after a minimum tolerance around 1990.
The r 2 -values for these regression functions are low, (less than 0.15), and no plausible explanation exists for a change in the annoyance response as indicated by the polynomial regression functions. A linear function fitted to the same datasets is nearly horizontal, indicating that the annoyance response has been stable across this 45-year period.
The World Health Organization has recently recommended lowering of the current limit for road traffic noise to 53 dB DNL [59] for purposes of preventing adverse health effects. This limit is about 5-7 dB more stringent than the limits documented above. Only 8 of 61 surveys show a limit for 10%HA of L dn = 53 dB or less, and a simple arithmetic average of the results in Figure 7 yields an average limit for 10% HA at L dn = 60 dB.
The WHO recommendation is supported only by an analysis by Guski et al. [2] that is an artifact of the selection of surveys included in the analysis [61] . Guski et al. included six surveys from the HYENA study that addressed a limited age range of respondents, 45-70 years [58] . This age group is known to be exceptionally sensitive to noise [44, 62, 63] . In addition, the analyses of Guski et al. included five surveys from the Austrian Alpine region [64] . These surveys use a different definition for highly annoyed, defining a HA cut-off 60%-64% of the annoyance scale, instead of the commonly used 72%. They can therefore not be readily compared with surveys reported according to standard recommendations [7] .
The results from this re-analysis of 61 surveys on road traffic noise conducted over the past 45 years, do not support the decision by WHO to lower the recommended level to avoid adverse health effects. The results indicate that the annoyance due to road traffic noise has been stable across the entire period. This finding is independent of analysis methods.
